We present a magneto-infrared spectroscopic study of thin Bi2Se3 single crystal flakes. Magnetoinfrared transmittance and reflectance measurements are performed in the Faraday geometry at 4.2K in a magnetic field up to 17.5T. Thin Bi2Se3 flakes (much less than 1µm thick) are stabilized on the Scotch tape, and the reduced thickness enables us to obtain appreciable far-infrared transmission through the highly reflective Bi2Se3 single crystals. A pronounced electron-phonon coupling is manifested as a Fano resonance at the α optical phonon mode in Bi2Se3, resulting from the quantum interference between the optical phonon mode and the continuum of the electronic states. However, the Fano resonance exhibits no systematic line broadening, in contrast to the earlier observation of a similar Fano resonance in Bi2Se3 using magneto-infrared reflectance spectroscopy.
Bismuth selenide (Bi 2 Se 3 ) is well known for its large Seebeck coefficient and thermal figure of merit since the 50s 1,2 , and recently it has been shown as a physical realization 3, 4 of the 3D topological insulators (TIs).
5-8
Along with Bi 2 Te 3 , Sb 2 Te 3 and some other II 2 V 3 binary alloys, 3D topological insulators are establishing a new forefront for the next-generation nanoelectronic, spintronic, thermoelectric and quantum computational devices. [5] [6] [7] [8] [9] [10] The bulk of a TI is expected to be an insulator, because the conduction band and the valence band are separated by a sizable bandgap. The insulating bulk is enclosed by a robust conducting surface state, containing a single gapless Dirac cone (for the Bi 2 Se 3 case). The robust surface state is protected by the time-reversal symmetry, and the large spin-orbit coupling leads to several interesting spin-relavent phenomena. Such a unique band structure has been predicted by the first principles band structure calculation and confirmed by angle resolved photoemission spectroscopy. 8 Bi 2 Se 3 is usually regarded as a canonical TI, because it has a one-valley conduction-band minimum and a onevalley valence-band maximum occurring at the centre of the Brillouin zone separated by a sizable direct bandgap E g ∼ 0.2 − 0.4eV. 11 Between the band edges, it spans a single gapless Dirac cone with the Dirac point located around 0.3eV below the bottom edge of the conduction band.
3
The unique topology of a TI leads to many interesting new coherent quantum phenomena 12 , and one of them is an intrinsic magnetoelectric coupling 13 that allows an applied magnetic (electric) field to induce an effective electric (magnetic) field in the same direction. An unusual magnetic-field dependent phonon softening observed via the Fano resonance 14 at the α phonon mode (˜64cm −1 ) in Bi 2 Se 3 has been regarded as evidence in support of the magnetoelectric coupling in non-trivial TIs. 15 An applied magnetic field along the trigonal c-axis induces a local electric field acting on the Bi ions via the magnetoelectric effect, and the local electric field causes a change in the lattice dynamics and a softening (linewidth broadening) of the α phonon mode. 15 However, a similar concurrent infrared reflectance study 16 and an early study 17 on Bi 2 Se 3 do not exhibit such a unique asymmetric Fano lineshape at the α phonon mode. More recently, a similar Fano resonance at the α phonon mode has been observed in Bi 2 Se 2 Te and lightly Ca-doped Bi 2 Se 3 , and it is temperature dependent with more pronounced Fano lineshape at the lower temperatures.
18 In this Letter, we present a magneto-infrared transmittance and reflectance spectroscopic study on Bi 2 Se 3 ultrathin single crystal flakes at the liquid helium temperature, in which a Fano resonance is indeed observed at the α phonon mode, but the linewidth is insensitive to the increasing magnetic field. We interpret our data, as well as that reported in previous works [15] [16] [17] [18] , using the charged phonon theory.
19,20
Bi 2 Se 3 is a layered compound with quintuple layers, each with five atomic layers, stacked along the trigonal c axis. 2 The synthesis of single crystal Bi 2 Se 3 is described in Ref. 21 and it crystallizes in a rhombohedral structure (point group 3mD 3 d) with the lattice parameters a = 4.138Å and c = 28.64Å.
22 Neighboring quintuple layers are bounded by weak van der Waals forces, allowing one to exfoliate Bi 2 Se 3 thin layers from a larger crystal. Bi 2 Se 3 single crystals of nominal thickness are highly reflective and impermeable to infrared light. For the magneto-infrared transmittance measurements, the ultrathin semi-transparent Bi 2 Se 3 flakes are prepared by repeatedly exfoliating layers from a thin Bi 2 Se 3 crystal laid on Scotch tape, until it becomes permeable to infrared radiation. This process results in a sample consisting of thousands of ultrathin flakes, and most of them exhibit a cross-sectional area of around 100 − 300µm 2 . The Bi 2 Se 3 flakes on Scotch tape are then placed in a liquid helium cryostat held at 4K and subject to an applied magnetic field parallel to the c-axis up to 17.5T, i.e. in the Faraday geometry. Magneto-infrared transmittance spectra are measured by a Fourier transform infrared (FTIR) spectrometer using light pipe optics in the experimental setup shown in Fig. 1 (a) . Here, the light from a broadband infrared light source (a Mercury lamp) is modulated by a Michelson interferometer to produce a light beam with its intensity modulated according to the difference in the lengths of the two optical arms (a FT-modulated beam). 23 Next, as shown in Fig. 1 (a) , the FT-modulated beam is steered by mirrors and sent to a sample via a highly polished metallic pipe (a light pipe). At the end of the light pipe, a parabolic cone is used to focus the light onto a spot of several mm in diameter on the sample as shown in Fig. 1 (b) . The intensity of the light transmitted through the sample is measured by a Si chip inside a cavity (a bolometer). The light intensity is measured by the minute change in the chip's temperature caused by absorbing the energy of the FT-modulated beam. The minute temperature change results in a change of the chip's resistance and thus the voltage drop V B across the two contacts on the Si chip as shown in Fig. 1 (c) . The change of the voltage drop, which is proportional to the light intensity received at the bolometer, is then amplified and sent back to the FTIR spectrometer to be Fourier transformed in order to obtain the transmittance spectrum. Reflectance spectra are obtained using a similar configuration, though the light reflected from the sample is collected and measured by the bolometer.
To extract the effect that is induced by an applied magnetic field, the measured spectra are normalized by the reference spectra measured at zero magnetic field. A set of normalized magneto-transmittance spectra T (B)/T (B = 0T ) is plotted in Fig. 2 (a) . As one can clearly see, the applied magnetic field induces a noted change in the transmittance spectrum which invokes the lineshape of Fano resonance at around 62cm
1meV). This frequency coincides with the α phonon mode in Bi 2 Se 3 and a weak absorption dip due to the infrared-active α phonon mode can be seen in the transmittance spectrum at zero magnetic field. Figure  2 (a) shows the magneto-infrared transmittance spectra, normalized to zero field. As one can see, the presence of magnetic field induces a transfer of the optical oscillator strength from the phonon mode to the higher frequency side of the phonon mode, thus resulting in a rise of the normalized transmittance at the phonon frequency followed by a broad dip on the higher frequency side. The transfer of the optical oscillator strength increases with increasing magnetic field and the normalized magneto-reflectance spectra collaboratively confirms the same phenomenon as shown in Fig. 2 (b) with a dip at the phonon frequency (decrease in oscillator strength) followed by a rise on the higher frequency side (increase in oscillator strength) in the normalized reflectance spectra.
Generally speaking, a Fano resonance results from the quantum interference between two coupled transition pathways: one via a discrete excited state and the other via a continuum of states.
14 It is ubiquitous across several branches of physics and it results in an asymmetric scattering cross section due to the quantum interference between the wavefunctions of the two transition pathways. In this study, the discrete mode is the α optical phonon mode in Bi 2 Se 3 17,22 , while the continuum of states is the transitions from the lower conduction band to the empty states in the upper conduction band. The two optical pathways are coupled via a strong electron-phonon coupling. It was also known that the optical phonon modes in Bi 2 Se 3 and Bi 2 Te 3 are stronger than expected in polar materials 17 , which can be a result of rather strong electron-phonon coupling. The observed magnetic-field induced modification of the Fano effect is unusual for a non-magnetic system without undergoing through a phase transition. 15 The Fano resonance in Bi 2 Se 3 is modified by the applied magnetic field via tuning the electronic transitions. Specifically, the strong electron-phonon coupling has been attributed to the magnetostriction in a system with large spin-orbit coupling and the topological magnetoelectric effect in TIs. 15 An applied magnetic field modifies the local electric field acting on Bi ions via the magnetoelectric effect 24, 25 and thus changes the local lattice dynamics and the optical phonon mode.
The Fano resonance induced change in optical conductivity can then be written as ∆σ F ano (ω) =
14, 15 The square of the plasma frequency ω p is proportional to the optical strength of the Fano mode, ω α is the α phonon energy, γ is the linewidth, and q is the dimensionless Fano parameter which characterizes the resonance lineshape. When |q| 1, the Fano effect results in an anti-resonance (enhanced transmittance), and it becomes a resonance (absorption) when |q| 1. The sign of the Fano parameter describes the direction (toward the higher or the lower frequency side) of the optical strength transfer and its magnitude reflects the degree of the coupling between the discrete state and the continuum of the electronic states. The effect on the normalized transmittance/reflectance spectra can be described quantitatively as the following,
where A 0 stands for the amplitude of the Fano resonance in terms of the absorption rate normalized by the zerofield reference spectrum. The (red) solid lines in Fig.  2 show the best fits to the data using Eq. (1). Here, each pair of the normalized transmittance and reflectance spectra are fitted by the same set of parameters. Figure 3 summarizes the fitting parameters obtained using Eq. (1) as a function of the magnetic field. First, as one can see, the phonon energy slightly decreases with increasing magnetic field. The phenomenon is different from that reported in Ref. 15 where the phonon energy is practically a constant. In addition, in Fig. 3(b) , the linewidth γ stays roughly a constant with increasing magnetic field, whereas the earlier study in Ref.
15 reported a substantial broadening of the linewidth (two-fold increase from zero field to 8T). In both studies, the optical strength are transferred away from the optical phonon mode with increasing magnetic field. It is transferred to the higher frequency side with positive q values in Fig. 3  (c) , whereas the q values are negative in Ref. 15 . The amplitude of the Fano resonance increases with increasing magnetic field, as shown in Fig. 3 (d) .
To explain the lineshape discrepancies reported in TI systems [15] [16] [17] [18] , we examine the possible origins of the observed Fano resonance. We note that the magnetic-field tunable Fano resonance around the optical phonon mode has been observed in several graphitic systems and it can be explained by the "charged-phonon theory".
Specifically, depending on the relative energies of the optical phonon mode and the continuum of the electronic states, the optical phonon mode can "borrow " the optical strength (charges) from the electronic states and vice versa. The Fano resonance observed in this work can be qualitatively explained if the continuum of the electronic transition is assigned to the transitions from the Fermi level in the lower conduction band to the empty states in the upper conduction band (see Ref.
26 for the band structure of Bi 2 Se 3 ). When the Fermi level moves to lower energy, the energy of the continuous transitions shifts to higher energy. When the bottom of the continuum is much higher than the phonon energy, the lineshape remains Lorentzian (i.e. |q| 1) with enhanced optical strength borrowed from the electronic transitions, which explains why the Fano lineshape was not observed in low density (Fermi energy) samples. 16, 17 When the Fermi energy is sufficiently high, the continuum of transitions shifts to lower energy and the asymmetric Fano lineshape is observed. 15, 18 With increasing magnetic field, the diamagnetic shift of the Fermi level modifies the continuum of transitions toward lower energy, which enhances the optical strength transfer from the optical phonon mode to the electronic transitions, accompanied by smaller |q| values. The linewidth and the direction of the transfer will depend on the density of states of the continuum, the imperfection of the lattice, and the type of the interaction (i.e., attractive or repulsive) between the optical phonon mode and the continuum. Positive q values may indicate that the density of states is larger on the higher frequency side, and the negative q values indicate the opposite. The linewidth is relatively large and insensitive to the applied magnetic field in this study, indicating that it is dominated by the lattice imperfection of the flakes; whereas the linewidth increases with increasing magnetic field in the earlier study 15 , because it was carried out on a large Bi 2 Se 3 single crystal.
Finally, we note that most of the recent magnetooptical studies on TIs focus on the dynamics of the charge carriers via either conductivity analysis and/or the cyclotron resonance spectroscopy. 15, 16, 18, [27] [28] [29] [30] Curiously, we did not observe any absorptions that can be attributed to the cyclotron resonance below 600cm −1 and the recently reported interband Landau level transitions reside in the frequency range of several thousands cm −1 .
30
In summary, we studied the magnetic-field tunable Fano resonance occurred at the α phonon mode of Bi 2 Se 3 via magneto-infrared transmittance and reflectance spectroscopy. The observed Fano resonance can be attributed to the electron-phonon coupling between the α optical phonon mode and the continuum of the electronic transitions from the Fermi level in the lower conduction band to the empty states in the upper conduction band. The behavior of this Fano resonance, as well as the discrepancies in previous studies, can be understood within the framework of the charged phonon theory. The origin of the strong electron-phonon coupling may be a result of the topological magnetoelectric effect, though further proofs are required.
